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inflammation; lipid mediators; proteomics; lipidomics; neutrophils; polyunsaturated fatty acids AFTER MYOCARDIAL INFARCTION (MI), a poorly controlled ageassociated inflammation primes the left ventricle (LV) for the development of congestive heart failure (24, 36) . Moreover, body mass index alone is a dominant risk factor that increases the risk of MI and ischemic heart disease in overweight and obese subjects (43) . Cardiovascular disease is responsible for 30% of deaths worldwide, exceeding all other diseases, including cancer (31) . The global economy costs $863 billion each year for the treatment of cardiovascular disease (4) . Sedentary lifestyle and obesogenic diet increase the risk of cardiovascular disease, particularly pleiotropic actions of obesity and insulin resistance-mediated inflammation alter the metabolic sequelae (32) . To control unresolved inflammation post-MI and to reduce heart failure rates, the identification of novel targets for the treatment of post-MI remodeling is needed to treat elderly heart failure patients.
A previous report by Stanley et al. (42) suggested that the source of the fat [either from polyunsaturated fatty acid (PUFA) (n-6) or saturated fat] impacts inflammation, healing, and the post-MI progression to heart failure. Surprisingly, the heart failure rate was reduced in saturated fat-fed hamsters compared with high n-6 fatty acid (linoleate)-fed hamsters in the male ␦-sarcoglycan-null cardiomyopathic heart failure model (14) , whereas pre-or post-MI saturated fat diet intake did not worsen the LV remodeling outcome in young rodents. At present, there is no consensus on the effects of n-6 fatty acids or saturated fat intake in the post-MI setting. Progressive heart failure is commonly observed in the aging population post-MI, and obesity itself remodels the LV and predisposes the heart to failure. The prevalence of heart failure increases with age, in part due to increased incidences of obesity (39, 40) .
The increased intake of n-6 enriched fatty acids leads to insulin resistance and hyperglycemia (5, 8) . Our previous studies (17, 19, 20) showed that chronic intake of n-6 fatty acids reduces the lifespan of lupus-prone mice, increases bone marrow adiposity, and alters the bone marrow microenvironment in obese and aging mice. Of note, both -3 and -6 fatty acids are essential for cell growth and signaling and cell membrane dynamics and integrity, with optimal ratios occur-ring at 1:1 or 2:1. In the setting of obesity, this ratio can reach as high as 30:1 (10) .
The present study was designed to answer the following fundamental question: "How does the LV respond to post-MI remodeling in the setting of obesity and aging?" Several groups have used young rodent models of morbid obesity, using 45% or 60% kcal high-fat diets. In actuality, ϳ3% of the United States population is morbidly obese (with body mass index Ն 40), and the number of overweight or obese Americans (with body mass index Ն 25) is 69% (25, 33) . Therefore, models that show moderate rather than gigantic increases in body weight would be more closely applicable to the obese and overweight population. To mimic this adult overweight or obese population, we selected a model of obesity that uses 22% kcal from a safflower oil-enriched diet.
Our study rationales were as follows: first, MI and heart failure are quite frequently studied in young or adult healthy mice subjected to coronary ligation; however, young and healthy humans rarely develop MI. For this reason, a model of obesity in the setting of aging was used in this study. Second, although n-6 fatty acids are considered safe, a recent metaanalysis (35) indicated that linoleic acid-enriched n-6 fatty acids increase the risk of death from coronary artery disease and cardiovascular disease. Finally, an epidemiological study (2) has indicates that n-6 fatty acid consumption has dramatically increased in the 20th century, significantly contributing to increased energy intake and an obesogenic environment. Thus, a linoleic acid-enriched n-6 PUFA was used to induce obesity in aging mice. Our results indicate that n-6 PUFA-induced obesity drove the post-MI acute inflammatory response in aging. These findings underscore a delayed post-MI resolution of inflammation in obese and aging mice.
MATERIALS AND METHODS
Mice. All animal procedures were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (8th ed., 2011) and were approved by the Institutional Animal Care and Use Committees of the University of Texas Health Science Center (San Antonio, TX) and University of Alabama at Birmingham (Birmingham, AL). Male C57BL/6J mice of 9 mo of age were acquired from the National Institute of Aging colony and maintained on a standard diet for 3 mo. At 12 mo of age, mice began a diet supplemented with n-6 PUFA [10% (wt/wt)] to induce obesity, and they continued on this diet for 5 mo (PUFA aging group). A group of standard lab chow (LC) diet-fed mice was maintained as agematched controls (LC aging group). Diet composition details are shown in Table 1 for every 100 g of diet. The young mouse group (3-5 mo old, n ϭ 30) was maintained for the comparative analysis of body weight, fat mass, and post-MI echocardiographic measurements (LC young group). Both LC aging (n ϭ 21) and PUFA aging (n ϭ 21) mice were subjected to coronary ligation at 17 mo of age, whereas LC young (n ϭ 30) mice underwent surgery at 3-5 mo of age, as previously described (18) , and were evaluated at days 1 or 5 post-MI (Fig. 1A, study design) . Due to the high perioperative mortality attributed to aging, we collected samples from 16 LC aging and 13 PUFA aging mice, whereas 24 LC young mice with no MI were used as the respective group (day 0 control group). The MI surgery procedure was minimally invasive; we did not cut and cauterize the ribs and did not open the chest along its full length. Because of this difference from earlier surgery procedures, the need for a sham control group was replaced with the need for a time 0 control group. Sample sizes for analyses were as follows: day 1 (n ϭ 4 -9 mice/ group), day 5 (n ϭ 6 -9 mice/group), and day 0 (n ϭ 3-7 mice/group) in the LC young, LC aging, and PUFA aging groups. In brief, mice were anesthetized with 2% isoflurane, and the left anterior descending coronary artery was permanently ligated using minimally invasive surgery. To reduce post-MI surgical pain, buprenorphine (0.1 mg/kg ip) was given immediately after the ligation (22) .
Measurements of fat and lean mass using quantitative MRI. LC young, LC aging, and PUFA aging mice were subjected to the whole body composition measurements using quantitative MRI (QMRI instrument, Echo Medical System). This equipment uses nuclear magnetic resonance to measure the physical state of lean and fat mass; thus, quantitative MRI provides an accurate measurement of total body fat, lean mass, and free water (18) .
Echocardiographic measurements. For the echocardiography analysis, 0.8 -1.0% isoflurane in an oxygen mix was used to anesthetize mice. Electrocardiograms and heart rates were monitored using a surface electrocardiogram. Images were acquired using the in vivo imaging system (Vevo 2100 high-resolution system equipped with MS-400 transducer, 30MHz, Visual Sonics) at heart rates of Ͼ400 beats/min to achieve physiologically relevant measurements. Before the acquisition of images, each mouse was allowed to rest for 5-7 min on the echocardiographic platform. Measurements were taken from two-dimensional parasternal long-axis and short-axis (M-mode) recordings from the midpapillary region. Echocardiographic experiments were performed before euthanization at day 0 in LC young, LC aging, and PUFA aging groups and at days 1 or 5 post-MI. An independent analyzer blinded to the groups measured three images from consecutive cardiac cycles and averaged the results (22) .
Necropsy of day 0 control and post-MI surviving mice. Mice were anaesthetized using 2% isoflurane, and heparin was injected (4 IU/g body wt ip). Blood was collected from the carotid artery and centrifuged for 5 min to collect plasma. Plasma aliquots were stored in Ϫ80°C for plasma analysis. The LV was perfused with cardioplegic solution to arrest hearts in diastole and then cut into three sections. The remote region [LV control (LVC)] and infarct region [LV infarct (LVI)] were separated from apex and base sections and used for gene expression measurements and immunoblot analysis, whereas the midcavity LV section was fixed in 10% formalin and paraffin embedded for histology and immunohistochemistry. As a naïve control, the midcavity was processed similar to post-MI samples, and the remaining LV was frozen as the LVC region and processed for gene expression and immunoblot measurements.
Plasma proteomic profiling. Heparinized plasma was used for the measurement of 59 analytes in Rodent MAP (version 3.0), available from a Clinical Laboratory Improvement Amendments certified biomarker testing laboratory (Myriad RBM). This laboratory used multiplexed immunoassay-based technology that allowed us to get reproducible and quantitative measurements of 59 analytes in an 80-l Fatty acid composition in the diets is shown, including protein, carbohydrates, and fat, which were enriched with polyunsaturated fatty acids (PUFAs; -6 fatty acids) and the minimum amount of -3 fatty acids. The following group of mice are shown: lab control diet-fed young (LC young), lab control diet-fed aging (LC aging group), and PUFA diet-fed aging (PUFA aging group) C57BL/6J mice.
sample. Analyte levels below the limit of detection were excluded from the results (18) .
LV RNA isolation, reverse transcription, and real-time PCR of an inflammatory gene array. Postnecropsy, frozen samples of LVC or LVI regions were processed separately for RNA extraction. A total of 4 -8 mg of LV tissue was homogenized with a sonic dismembrator (Fisher Scientific, at amplitude between 10 and 100 Hz) in 500 l TRIzol (Invitrogen). The PureLink RNA isolation kit (Invitrogen) was used to isolate RNA. Before cDNA synthesis, the RNA concentration was determined using ND1000 Nanodrop (Thermo Scientific). The RT 2 first-strand kit (Qiagen) was used to synthesis cDNA. Each sample was prepared on a RT 2 -PCR plate (Inflammatory Cytokine and Receptor, Qiagen PAMM-011E) and run on an ABI 7900HT. Threshold cycle (C t) values were converted into 2
Ϫ⌬Ct values and normalized to hypoxanthine phosphoribosyltransferase 1 as a control.
Mass spectrometric analysis of plasma lipid mediators. Plasma lipids were extracted and analyzed by liquid chromotography tandem mass spectroscopy (LC-MS/MS) using an AB/Sciex API-4000 Q TRAP mass spectrometer. Aliquots of plasma (100 l) were acidified by the addition of 850 l of 6 N HCl (pH 2.3), vortexed briefly, and incubated on ice for 15 min. Deuterated standards for each measured hydroxyloctadecadienoic (HODE) and hydroperoxyeicosatetraenoic acid (HETE; 20 ng of each, Cayman Chemical) were spiked into samples before extraction. Samples were subsequently added to solid phase extraction columns (Oasis HLB 30 mg 1 ml) while using a slow vacuum, so that each sample took ϳ2 min to pass through. After solid phase extraction columns were washed with 5% methanol, lipids were eluted with 1 ml of 100% methanol, dried under argon, and resuspended in 100 l of 80% methanol. Samples (50 l) were injected onto a Luna C 18(2)-HST reverse-phase LC column (2 ϫ 100 mm, 2.5 l, Phenomenex) using a Shimadzu auto-sampler with gradient elution at 0.3 ml/min (mobile phase A: 0.1% formic acid in H 2O and mobile phase B: 0.1% formic acid in acetonitrile). Gradient elution was as follows: from 0 to 2 min, hold at 50% B; from 2 to 3 min, increase to 60% B; from 3 to 15 min, increase to 65% B; from 15 to 17 min, hold at 65% B; from 17 to 19 min, increase to 100% B; from 19 to 21 min, hold at 100% B; and from 21 to 23 min, decrease back to 50% B and hold for the system to equilibrate to initial conditions until 27 min. A standard curve (0.1, 1, 2.5, 5, 7.5, 10, 25, 50, 75, 100, 250, 500, 750, and 1,000 ng/ml) of a mixture of unlabeled HODEs and HETEs (13-HODE, 9-HODE, 13-HpODE, 5-HETE, 15-HETE, 20-HETE, and 12-HETE) were also run for quantification of individual HODE/HETE species. Each point of this standard curve was spiked with deuterated HODE/HETE standards exactly as described above for samples (20 ng of each deuterated HODE/HETE per standard curve point). The transitions monitored were the following mass-tocharge ratios: 295.1¡194. Immunohistochemistry. LV midcavity sections were fixed, paraffin embedded, and sectioned at 5 m. Unstained sections were deparaffinized in citrisolv (Thermo Fisher Scientific), rehydrated through graded ethanol, and subsequently exposed to antigen epitopes (Target Retrieval Solution, Dako S1699). Furthermore, sections were blocked with normal rabbit antibody and incubated with rat anti-mouse neutrophil antibody (CL 8993AP, clone 7 1:50, Cedarlane). The Vec- tastain Elite ABC kit (Vector) was used to stain positive cells. Slides were mounted using permount, and five to six images were acquired for each slide. The percent stained area in the infarct region was quantified. LV protein extraction for immunoblot analysis. Each LVC or LVI sample was weighed and placed into a 1.5-ml tube. For every milligram of tissue, 16 l of 1ϫ PBS (without calcium, Invitrogen) and with 1ϫ proteinase inhibitor (Roche Diagnostics) were added to the tube. On ice, samples were dismembrated in short (5 s) intervals with up to 100 A using a sonic dismembrator. Dismembration continued until the sample was completely homogenous. Sets of eight samples were completed at a time to prevent samples from overheating. Samples were centrifuged at the maximum speed (14,000 rpm) for 5 min at 4°C. The supernatant was transferred to a fresh tube and snap frozen in liquid nitrogen. This was used as the soluble protein fraction. For the insoluble pellet, the pellet was washed three times with PBS and centrifuged at maximum speed (5 min) after each wash. Using 16 l for every milligram or original tissue, reagent B (Reagent 4 from Sigma with 1ϫ PI) was added to the tube containing the pellet, and the pellet was dismembrated using the same method as the A fraction. The new homogenous solution was snap frozen and used as the insoluble protein fraction. Total protein was determined using the Bradford assay, with the insoluble fraction diluted 1:40 to account for the high urea concentration.
LV protein immunoblot analysis. Immunoblot analysis was used to quantify the protein levels of homogenized LV samples. Each immunoblot was run on a criterion XT bis-Tris 4 -12% 18-lane gel in either MES buffer or MOPS buffer (Bio-Rad) depending on the molecular weight of the protein. The Kaleidoscope precision plus standard (Bio-Rad) was used to determine the molecular weight of the protein.
Samples were prepared with water, 5ϫ loading buffer, and 10 g protein. All samples were denatured by incubation for 5 min at 95°C. Once samples were loaded, the gel was run for 10 min at 80 V and then 150 V until completion. The protein was transferred to a nitrocellulose membrane (Bio-Rad) at 65 V for 1 h. Total protein was stained using reversible protein stain (Pierce). After a rinse with water, the membrane was blocked at room temperature for 1 h using 5% nonfat milk powder (Bio-Rad) and probed with primary antibodies [cyclooxygenase (COX)-2, 1:1,000; 5-lipoxygenase (5-LOX), 1:500; and heme oxygenase (HO)-1, 1:1,000] overnight at 4°C. The membrane was placed in horseradish peroxidase-conjugated secondary antibody solution in 5% milk for 1 h at room temperature. Using pico or femto substrate (Thermo Scientific), the membrane was incubated for 5 min at room temperature and exposed to Hawkins X-ray films. Densitometry was performed using ImageJ software, and each immunoblot was normalized to the respective total protein amount (in arbitrary units) for that lane.
Statistical analysis. Data are expressed as means Ϯ SE. Statistical analyses were performed using Graphpad Prism 5. ANOVA followed by a Student Newman-Keuls post hoc test was used for multiple comparisons of LC young, LC aging, and PUFA aging groups for day 1 or 5 post-MI samples compared with day 0. Two-way analyses were applied to determine the effects of obesity and aging on post-MI LV remodeling followed by a Bonferroni posttest. For two-group comparisons, Student's t-test (unpaired) was applied. P values of Ͻ0.05 were considered significant.
RESULTS
Excessive PUFA intake in aging led to obesity but did not alter LV function pre-MI. To determine the impact of obesity and aging on LV function, control C57BL/6J mice were maintained for 17 mo on a standard diet (LC aging group) and developed age-associated obesity, which was indicated by a 25% increase in body weight compared with the LC young group (3-to 5-mo-old mice, P Ͻ 0.05). The linoleic acidenriched PUFA aging group showed a 41% increase in body weight compared with the LC young group and a 12% increase in body weight compared with the LC aging group (all P Ͻ 0.05; Fig. 1B ). As expected, PUFA aging mice showed a 172% increase in fat mass compared with LC young mice (P Ͻ 0.05). PUFA aging mice showed a 43% increase in fat mass compared with age-matched LC aging mice, indicating a significant contribution of the PUFA diet to fat mass (P Ͻ 0.05; Fig. 1C) . In humans, a body mass index of 24.9 is normal and 30.0 is considered obese, indicating a 20.5% increase from normal to obese. Based on these criteria, LC aging mice and PUFA aging mice can both be considered obese models. Fat mass increased 89% in LC aging mice compared with LC young mice (P Ͻ 0.05). Lean mass remained unchanged between LC young, LC aging, and PUFA aging mice (all P ϭ not significant; Fig. 1D ). Fasting 5-h glucose levels were increased in PUFA aging mice, who developed hyperglycemia compared with LC young and LC aging mice (both P Ͻ 0.05; Fig. 1E ). Thus, our results suggest that the increased body weight was due to an increase in fat mass in LC aging and PUFA aging mice, indicating age-related obesity, and PUFA intake amplified weight weight gain and fat mass. To test if PUFA diet-induced obesity impacted on LV function pre-MI, echocardiography measurements before MI did not show any functional abnormalities due to the PUFA diet.
PUFA-induced obesity increased mortality and led to early LV dysfunction post-MI. To define the PUFA effect on LV function and post-MI mortality in aging, a total of 30 LC young mice and 21 mice each of the LC aging and PUFA aging groups were enrolled in the MI experiment. Perioperative mortality (mice that died within 24 h of surgery) was 9% for LC young mice, 20% for LC aging mice, and 33% for PUFA aging mice (P Ͻ 0.05 for PUFA aging vs. LC young mice). Higher postoperative (after 24 h) mortality was also observed in PUFA aging mice by day 5 post-MI (19% for LC young mice, 28% for LC aging mice, and 44% for PUFA aging mice, P Ͻ 0.05 for PUFA aging mice vs. LC young and aging mice). To gain insight into the impact of PUFA-induced obesity on LV post-MI, we performed echocardiography in LC young, LC aging, and PUFA aging post-MI mice. PUFA aging mice developed post-MI LV dysfunction earlier compared with LC young and LC aging mice (Fig. 2, A and B) . All three groups showed significantly increased end-diastolic volume and endsystolic volume compared with the day 0 control group (all P Ͻ 0.05). PUFA aging mice showed a significant increase in end-diastolic volume compared with LC young and LC aging mice at day 1 post-MI, indicating early LV dysfunction (P Ͻ 0.05). Of note, by day 5, LC aging mice caught up and showed similar LV dysfunction compared with PUFA aging mice. The ejection fraction was decreased at day 1 post-MI in PUFA aging mice compared with LC young and LC aging mice (Fig.  2C) . Post-MI wall thinning was observed to a similar extent in all three groups as measured by echocardiography (Fig. 2D) . In summary, the PUFA aging led to accelerated LV dilation post-MI.
Necropsy data revealed that post-MI LV mass was higher in PUFA aging and LC aging groups at day 5 post-MI compared with the day 0 control group, indicating a dilated cardiomyopathy phenotype (P Ͻ 0.05; Table 1 ). Lung wet mass was increased at day 5 post-MI in PUFA aging and LC aging groups compared with the day 0 control group (P Ͻ 0.05; Table 2 ). These results suggest that MI leads to increased LV mass and volume overload-induced pulmonary edema and that the magnitude of the response was not altered by diet but the timing was accelerated in the PUFA aging group.
PUFA aging intensified inflammatory plasma analyte levels at day 1 post-MI. Proteomic profiling of plasma revealed that of 59 analytes, 8 proinflammatory analytes and 1 anti-inflammatory analyte were significantly higher in PUFA aging mice compared with LC aging mice before MI, indicating a basal increase in the proinflammatory status. These proinflammatory analytes were CD40 ligand, interferon-␥-induced protein 10, lymphotactin, macrophage-derived chemokine, matrix metalloproteinase-9, macrophage chemotactic protein (MCP)-1, MCP-5, and VCAM-1, whereas anti-inflammatory analyte tissue inhibitor of metalloproteinase-1 was increased compared with the age-related LC aging group (all P Ͻ 0.05; Supplemental Table S1 in the Supplemental Material). 1 At day 1 post-MI, PUFA aging mice developed earlier impairment in LV function compared with LC young and LC aging mice, which correlated with increased macrophage inflammatory protein (MIP)-1␥ and CD40 levels (all P Ͻ 0.05). Interestingly, LC young mice showed a robust increase in MCP-3 at day 1 but a rapid decrease by day 5 post-MI, whereas PUFA aging and LC aging mice maintained higher levels by day 5, suggesting an impaired healing response in aging. Furthermore, myeloperoxidase was significantly increased in 1 Supplemental Material for this article is available at the American Journal of Physiology-Heart and Circulatory Physiology website. PUFA aging mice at day 5 post-MI compared with LC aging mice (all P Ͻ 0.05; Fig. 3, A-D) . These results revealed that excessive PUFA intake during aging delays the resolving and healing process by exacerbating acute inflammation post-MI.
PUFA-induced obesity impaired post-MI acute inflammatory responses in aging mice.
We observed a robust increase in the post-MI inflammatory status due to PUFA diet, leading us to investigate whether PUFA intake altered leukocyte numbers in aging compared with LC young and LC aging groups. No neutrophils were observed in LC young, LC aging, and PUFA aging mice at day 0, indicating an absence of neutrophils in myocardia without MI injury (Fig. 4, A and B) . At day 1 post-MI, there were greater numbers of neutrophils in the infarct area of PUFA aging mice compared with LC aging mice (P Ͻ 0.05). Of note, VCAM-1 (a primary mediator of neutrophil endothelial adhesion and extravasation) was higher in the plasma of PUFA aging mice than LC aging mice before MI (Fig. 4C) . VCAM-1 levels plummeted post-MI but remained higher in PUFA aging mice compared with LC aging mice post-MI (P Ͻ 0.05). The increased VCAM-1 levels in PUFA aging mice could explain the higher recruitment of neutrophils compared with LC aging mice. To minimize the variation within groups, we included mouse samples with an infarct area above 40% (Fig. 4D) . Thus, the increased neutrophil density at day 1 post-MI in the PUFA aging group explains the earlier LV dysfunction and higher levels of plasma proinflammatory analytes.
PUFA intake fueled post-MI inflammatory responses in aging as measured by gene array. Because plasma analyses indicated increased inflammatory analytes post-MI, we measured LV inflammatory cytokine and receptor gene expression of LC young, LC aging, and PUFA aging mice at day 0 and post-MI at days 1 and 5 in both LVC and LVI areas (n ϭ 3-4 mice/group per day time point).
At day 0, LC aging mice had increased IL-10 receptor-␤ expression, whereas complement component 3 and small inducible cytokine subfamily E member 1 were increased in PUFA aging mice compared with LC young mice (all P Ͻ 0.05). Of 84 genes, we noticed that chemokine (C-C motif) ligand (Ccl)19 was increased at day 1 and that ␤ 2 -integrin, Ccl2, Ccl7, Ccl12, and Ccl19 (all P Ͻ 0.05) were increased in the infarcted area of PUFA aging mice at day 5 compared with LC aging mice. The increased ␤ 2 -integrin mRNA expression reinforced neutrophil extravasation and recruitment in PUFA aging mice compared with LC young and LC aging mice. Of 84 genes, 18 genes were increased in PUFA aging mice, and, particularly, secreted phosphoprotein 1 and transforming growth factor-␤ 1 (P Ͻ 0.05) were increased in response to MI in all three groups (P Ͻ 0.05; Supplemental Tables S2 and S3) . Thus, the gene expression data indicated that the post-MI acute inflammatory response was amplified in the PUFA aging group.
PUFA-induced obesity increased proinflammatory lipid mediators in aging mice. Because analyses of plasma and the LV array showed intensified inflammation in PUFA aging mice compared with LC young and LC aging mice, we determined the role of PUFA-derived lipid mediators in LV dysfunction. Plasma from day 0 control and day 1 and 5 post-MI mice were subjected to LC-MS/MS-based lipidomic analysis. As expected, PUFA aging mice showed elevated levels of arachidonic acid (AA) in plasma at all three time points: before MI and at days 1 and 5 post-MI. In addition, levels of the AA metabolite 12(S)-HETE were significantly higher in PUFA aging mice at day 1 post-MI compared with LC aging mice (both P Ͻ 0.05; Fig. 5, A-D ). An increase in an eicosanoid metabolite derived from AA could explain the altered proinflammatory environment in PUFA aging mice compared with LC aging mice. Thus, a diet enriched in -6 fatty acids stimulated a proinflammatory milieu after MI in the PUFA aging group.
PUFA-induced obesity impaired the resolution of inflammation post-MI. MI initiates a rapid inflammatory response that begins to resolve around day 5 post-MI. We examined whether PUFA aging impacted the resolution of post-MI inflammation. COX-2 mediates pro-and anti-inflammatory lipid mediators, whereas 5-LOX stimulates the resolution of overactive inflammation. Therefore, we measured COX-2 and 5-LOX expression. PUFA aging mice showed a robust increase of COX-2 at day 1 post-MI that returned to the baseline level by day 5 post-MI. In comparison, COX-2 levels were elevated in LC young and LC aging mice at day 5 post-MI (P Ͻ 0.05; Fig. 6,  A and B) . To counterbalance and stimulate resolution of increased post-MI inflammation, 5-LOX was consistently increased at days 1 and 5 post-MI in both non-PUFA-fed LC young and LC aging groups but was relatively lower in the PUFA aging group (Fig. 6, C and D) . Furthermore, expression of the inflammation-resolving enzyme HO-1 was lowered in PUFA aging mice compared with LC young and LC aging mice at day 5 post-MI (P Ͻ 0.05; Fig. 7, A and B) . Decreased LV expression of HO-1, confirmed using LV immunohistochemistry, suggests that excessive intake of PUFA in aging impairs stimulation of HO-1 (Fig. 7C) . Thus, the imbalance of COX-2, 5-LOX, and HO-1 enzymes in the infarcted area in part contributed to the overactive inflammation and impaired post-MI resolution of inflammation in the PUFA aging group.
DISCUSSION
In the present study, PUFA-induced obesity superimposed on aging led to the development of post-MI LV dysfunction earlier and impaired resolution of inflammation and delayed LV healing. The major outcomes in PUFA-fed aging mice showed 1) increased proinflammatory analytes before MI and that this increase was exacerbated by MI, 2) increased neutrophil density into the infarcted area, 3) elevated plasma AA and 12(S)-HETE in the acute inflammatory phase, and 4) imbal- anced resolution of inflammation by altering resolving enzymes (COX-2, 5-LOX, and HO-1) post-MI to favor unresolved inflammation. Thus, our results indicate that increased PUFA intake during aging delays the post-MI resolution of inflammation. The post-MI innate inflammatory response has been well studied in young and lean animal models; however, the resolution of inflammation or the role of lipid mediators after MI in the setting of obesity and aging requires additional investigation. Therefore, our study not only ratifies post-MI inflammation in PUFA aging but also focuses on plasma proteomic profiling, measurement of lipid mediators, and neutrophil trafficking post-MI. PUFA intake during aging stimulated eight proinflammatory analytes before MI, including MIP-1␥, MCP-3, and VCAM-1. Post-MI, increased levels of MCP-1 have been well studied; MCP-1-deficient mice exhibit lower macrophage recruitment in the infarcted heart, delayed phagocytosis of dead cardiomyocytes, and reduced cardiac remodeling post-MI (45) . Levels of MIP-1␥ and CD40 were significantly peaked, whereas MCP-3 decreased, at day 1 in PUFA aging mice, indicated that prior elevation of proinflammatory analytes impacted the healing and delayed containment of inflammation. Furthermore, VCAM-1 plays a role in the adhesion, recruitment, and transmigration process of neutrophils from the circulation to the site of injury (37) . Increased expression of ␤ 2 -integrin and VCAM-1 levels assisted the lingering of neutrophils into the LV and promoted an overactive inflammatory response in PUFA aging mice compared with young mice. In aging, VCAM-1 is known to activate endothelial cells that promote leukocyte adhesion to the endothelial lining. Proinflammatory lipid mediators, such as 12-HETE, may activated the endothelium, leading to increased VCAM-1, which could potentially lead to the development of endothelial dysfunction (26) . Thus, VCAM-1-mediated increased endothelial dysfunction may serve as the trigger to increase neutrophil trafficking and their recruitment in the infarcted area. Of note, post-MI neutrophils trafficking is essential to curb inflammation by phagocytizing necrotic myocytes, but their excessive stay in the infarcted area may lead to nonresolving inflammation or delay the tissue regeneration process in the PUFA aging group. In a population-based study (29) , patients with increased blood neutrophil numbers were prone to MI, and death underscores unresolved post-MI inflammation (29) .
Post-MI inflammation has been well described as an innate inflammatory response and after reparative response (11) . Now with a better understanding of post-MI neutrophil and macro- phage kinetics, it is known that post-MI inflammation involves initiation, amplification, and resolution. The levels of eicosanoids, docosanoids, and oxidized linoleic acid metabolites not only coordinate the innate inflammatory response but also modify immune cell plasticity and the pain response (16) . Eicosanoids are known to accelerate inflammation; therefore, increased 12(S)-HETE may ease vascular permeability to extravsate neutrophil endothelial transmigration in PUFA-fed aging mice. Targeted analysis of -6 eicosanoids in MI patients revealed higher 12-HETE than in individuals with stable angina (12) . One of the noteworthy features of obesity-triggered metainflammation was that PUFA-enriched diet increased neutrophils in PUFA aging mice at day 1 post-MI. It would be an oversimplification to state that n-6 fatty acids are responsible for the extended stay of neutrophils in the infarcted area, but it is quite possible that these mice had higher neutrophils in their body or that these mice were prone to an exacerbated inflammatory response (34) . Gosh et al. (15) showed that aging mice supplemented with a -6 fatty acid diet lead to increased neutrophils in the gut and the development of dysbiosis in aging. This may be a spillover of neutrophils coming from the gut that are recruited at the site of severe injury. However, future precise immune cell tracking studies in rodents and humans are warranted.
The incorporation of n-6 and n-3 PUFAs in myocardial membranes has been well established, suggesting that increased consumption of n-3 PUFA increases myocardial n-3 PUFA levels (41); however, the way in which these precursor classic fatty acids lead to the formation of lipid mediators in the post-MI setting is unclear. An imbalance of n-6 and n-3 fatty acids leads to excessive and extensive metainflammation and cardiovascular disease in aging (34) . n-3 fatty acid (particularly eicosapentaenoic and docosahexaenoic acid) intake is known to reduce the risk of congestive heart failure and mortality in the aging population (30) . Despite the widely touted cardioprotective effects of -3 supplements, it is evident that high doses of n-3 fatty acids merely reduce triglycerides in elderly patients (6) . We noticed that excessive intake of n-6 fatty acids deteriorated post-MI repair in aging. By analogy, if the car oil goes bad, we drain the old oil and replace with fresh oil. In the human body, how can we drain excessive unused fatty acids during aging? It is possible that exercise will help to burn or reduce lipotoxicity in obesity. This analogy gives us a hint to the reason why -3 products are not effective in unresolved inflammation or in obesity. A possibility is that the preexistence of excessive n-6 fatty acids dominates competition and requires strong inflammation resolvents to contain the post-MI inflammation. Thus, our results surfaced a long-debated question: "Do we need to limit n-6 fatty acid intake? As such, the American Heart Association recommendation for n-6 intake is 17 g for men and 12 g for women (21) . However, with a current scenario of reduced energy expenditure present in a sedentary lifestyle during aging, should it be advised to reduce n-6 fatty acids levels to control post-MI defective resolution of inflammation in obese aging? The feasibility of this concept was recently tested in obese individuals and demonstrated that a reduction of energy intake from 4.6% to 2% by reducing linoleic intake increased n-3 fatty acid levels (44) .
Gas chromatographic analysis revealed that total n-3 fatty acids were 0.015% and linoleic acid content was 6.6% in PUFA diet, which mirrored in plasma AA levels in PUFA aging mice (Fig. 5, A-D) . In elderly humans, linoleic acidenriched diet shows higher body weight gain as evidenced by storage in adipose tissue (9) . Linoleic acid intake is not only relevant to obesity but also high intake can lead to transgenerational obesity in mice (28) . A recent randomized doubleblind overfeeding LIPOGAIN trial (7 wk) in young lean healthy individuals indicated that PUFA or saturated fat intake not only increased weight gain by Ͼ2% but also increased endothelial dysfunction markers such as VCAM-1, ICAM-1, and E-selectin (23) . Thus, our findings have significant implications for the overactive inflammatory response post-MI in the setting of obesity and aging that delays healing. Investigation of the substrates that reduce proinflammatory milieu and promote the resolution of inflammation in aging will be an area of active investigation in obese aging. A recently published, comprehensive report on high-fat diet-induced obesity using either milk fat or lard fat (60% kcal) indicated that saturated fat alone is insufficient to induce murine cardiac dysfunction (1, 7) . In agreement with these results, excessive intake of PUFAinduced obesity did not alter pre-MI LV function. In the post-MI setting, PUFA-fed aging mice developed post-MI LV dysfunction earlier than LC young and LC aging mice. At the translational level, the saturated fat does not contribute to heart dysfunction (27); however, excessive nutrient intake of either saturated or PUFA fat can lead to insulin resistance, nonalcoholic fatty liver disease, and hyperlipidemia (13) . Research on daily energy input (quantity and quality of fat), bioenergetics, and the production of lipid mediators that maintain inflammation-resolving homeostasis will provide additional evidence on the fat intake dilemma.
To explain post-MI inflammation and resolution of the inflammation axis after MI in the setting of PUFA aging, we measured inflammation-inducible and proresolving enzymes.
COX-2 is induced in response to post-MI inflammation. We noticed higher expression in the LVI area in PUFA-fed aging mice at day 1, which returned to baseline before day 5 compared with LC aging and LC young mice. Of note, COX-2 is essential for cardiovascular physiology; however, selective pharmacological inhibition of COX-2 (e.g., celecoxib and valdecoxib) impedes inflammation and induced MI events that led to the postmarketing withdrawal of selective inhibitors (38) . Taken together, our results provide evidence that while maintaining caution with the COX-2 inhibition strategy, estimation of resolving enzymes is necessary in the post-MI setting. Counterregulating, pro-resolving enzymes, such as 5-LOX and HO-1, were lower in PUFA aging infarcted areas at day 1, indicating a dampened post-MI-resolving mechanism compared with the LC young group. 5-LOX and HO-1 are major inflammation-resolving enzymes and promote post-MI ventricular repair and attenuate cardiac remodeling (3, 46) . Future studies with a major focus on COX and LOX coordination in the resolution of post-MI inflammation will be an area of active investigation to determine role of resolvins, lipoxins, protectins, and maresins (24) . Thus, our results suggest that excess PUFA intake during aging drives the unresolved inflammatory response by increasing inflammatory mediators, promoting neutrophil trafficking and leading to impaired wound healing post-MI (Fig. 8) . Future studies are essential to shed light on the containment of inflammation in obesity and aging and how attempts can be made to resolve or limit inflammatory cell trafficking. The reduction of inflammatory cells lingering in the infarcted area will reduce the uncontrolled inflammation post-MI and delay the progression toward heart failure.
